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a b s t r a c t
The performance of InAs/GaAs quantum dot solar cells was investigated up to an optical concentration of
500-suns. A high temperature spacer layer between successive layers of quantum dots was used to
reduce the degradation in the open circuit voltage relative to a control device without quantum dots.
This improvement is explained using optical data while structural imaging of quantum dot stacks
conﬁrm that the devices are not limited by strain. The evolution of the open circuit voltage as a function
of number of suns concentration was observed to be nearly ideal when compared with a high
performance single junction GaAs solar cell. Analysis of Suns-Voc measurements reveal diode ideality
factors as low as 1.16 which is indicative of a low concentration of defects in the devices.
& 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
The inclusion of stacked layers of InAs self-assembled quantum
dots within the intrinsic region of a GaAs p-i-n diode has led to the
development of a new type of quantum dot solar cell (QDSC) [1–4].
The ﬂexibility afforded by this system makes it an attractive proto-
type for realising the intermediate band solar cell [5]. Adding the
quantum dots to the structure creates a narrow band of states within
the energy band gap of the host GaAs and the capture of sub-band
gap photons provides an additional contribution to the photocurrent.
The challenge of using this system to realise the intermediate band
solar cell is maintaining quasi-Fermi level separation between the
quantum dots and the conduction band [6,7].
Irrespective of the goal to realise an intermediate band solar
cell, QDSCs have shown recent promise reaching solar energy
conversion efﬁciency of 18.7% under air mass (AM) 1.5 conditions
with an anti-reﬂective coating [8]. It has also been suggested that
exceeding the fundamental Shockley–Queisser limit [9] is possible
with this type of solar cell relying on single photon absorption
only [10] although this is a source of debate [11].
Generally, reports of QDSCs show an extended external quantum
efﬁciency (EQE) at long wavelengths and reduced open circuit
voltage Voc, relative to a GaAs control device without quantum dots.
The degradation in Voc arises from a reduction in the total energy
band gap primarily due to the InAs wetting layer near the conduction
band and an effective continuum of closely packed conﬁned levels
near the valence band that can be considered as an offset [12].
The discrete energy levels within the quantum dots themselves also
provide an additional path for recombination which serves to reduce
Voc. Taken together, these effects reduce the effective band gap to
approximately 1.3 eV [13]. A further source of recombination is
through strain-related defects which exacerbates the reduction in
Voc. Efforts to reduce this strain include the addition of strain
balancing layers [14–17] and the best QDSCs now have comparable
performance to control devices at 1-sun irradiance.
There are, however, only a limited number of reports of QDSCs
under concentrated sunlight. One such study analysed the evolution of
Voc up to 10-suns and found a variation in the obtained diode ideality
factor n, that depended on the thickness of spacer layer between
consecutive layers of quantum dots [8]. In another study up to 450-
suns the ideality factor was found to be n¼1.4 which is indicative of
Shockley–Read–Hall recombination in the depletion region [18]. It has
also been shown that within the intermediate band theory, voltage
recovery occurs with increasing concentration for a QDSC relative to a
control device but only at low temperatures [19].
Following the initial optimisation of InAs/GaAs QDSCs at 1-sun,
Suns-Voc measurements are used to assess the potential for QDSCs
as concentrator solar cells and to gain fundamental insight into the
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device performance. The evolution of Voc with concentration
points to low diode ideality factors indicating a low concentration
of defects and conﬁrms that this is an essential requirement for
the development of QDSCs.
2. Materials and methods
GaAs p-i-n QDSC wafers were grown using molecular beam
epitaxy (MBE). The structures included 250 nm of n-GaAs depos-
ited on an nþ substrate followed by 1000 nm of n-GaAs. A further
150 nm GaAs spacer layer was then grown before the deposition of
two monolayers of InAs resulted in the formation of self-
assembled InAs quantum dots via the Stranski–Krastanov growth
mode. These were capped with a 35 nm GaAs spacer layer before
growing a further layer of InAs quantum dots. By repeating this
sequence, a stack of 20 layers of quantum dots was created in the
intrinsic region of the diode comprising a total thickness of
700 nm. The structure was completed by the addition of 200 nm
of p-GaAs, a 50 nm AlGaAs window layer and a pþ cap. For the
purposes of comparison a control wafer was also grown without
the quantum dot stack in the intrinsic region. All other growth
parameters remained the same for the control. Photolithography
was used to fabricate QDSC and control devices of circular
geometry ranging from 2 to 4 mm diameter. No area-related
performance variation was observed in the results. Au/Ge/Ni
metalisation to the nþ substrate formed the back ohmic contact
while a Al/Ti/Au metallic grid formed a front contact. The grid area
for a 3.0 mm diameter device was 1.1 mm2 or 15.6% of the cell area.
An anti-reﬂective coating was not applied to any of the devices.
In order to characterise the optical properties of the quantum
dots, calibration wafers were also grown by MBE. These were not
diode structures but simply stacked layers of quantum dots with
35 nm spacer layers designed to mimic the intrinsic region of the
QDSC devices. The calibration wafers were studied using room
temperature photoluminescence (PL). The PL setup used a chopped
532 nm laser and a Horiba iHR320 monochromator with a dual
colour solid state detector operating in a lock-in conﬁguration.
1-sun current-density versus voltage (JV) measurements were
performed under AM1.5 conditions (100 mW cm2) using an Abet
Technologies solar simulator and a Keithley sourcemeter. External
quantum efﬁciency (EQE) measurements were made using a
tungsten white light source and a Bentham Instruments mono-
chromator. Chopped monochromatic light was focused onto to
solar cells and the resulting photocurrent was measured using a
lock-in ampliﬁer with current pre-ampliﬁcation.
Concentration measurements were made using a Suns-Voc
system from Sinton Instruments. This apparatus uses a xenon
ﬂashlamp to simultaneously measure Voc and light intensity
within a few milliseconds. These data can be used to construct a
pseudo-JV curve by noting that at each open circuit voltage, the
implied light-generated current is given by J ¼ Jscð1XÞ, where Jsc
is the short circuit current and X is the number of suns concentra-
tion [20]. In this analysis Jsc is assumed to vary linearly with light
intensity. The difference between the pseudo and actual JV curves
is series resistance and this technique therefore yields an upper
limit of solar cell efﬁciency.
3. Results and discussion
3.1. Device optimisation
Stacking layers of InAs quantum dots within the intrinsic region
of the GaAs diode can cause a build up of strain within the stack
that is detrimental to solar cell performance [6,21]. To address this
issue, a relatively thick GaAs spacer layer was used such that
vertical propagation of strain-related defects is reduced. In addi-
tion, the spacer layer was partially grown at higher temperature to
counteract any non-uniformity in quantum dot size that may
result from strain [22]. Fig. 1 shows the normalised PL spectra
from two calibration wafers which were designed to assess the
quality of the quantum dots. For the sample referred to as “cold
spacer” the entire GaAs spacer layer was grown at 470 1C while for
the “hot spacer” sample only the ﬁrst 5 nm was grown at this
temperature with the remaining 30 nm grown at 580 1C. It can be
seen in Fig. 1 that the hot spacer layer results in a higher quantum
dot ground state energy of 1.10 eV compared with 1.07 eV for the
stack with the cold spacer. The higher ground state energy is
characteristic of smaller quantum dots. Additionally, the full width
at half maximum for the hot spacer stack is 55 meV compared
with 86 meV for the cold spacer stack. Narrowed linewidth is
evidence of more homogeneous quantum dots within the stack
and provides some veriﬁcation that vertical strain propagation in
the structure (which would result in larger quantum dots higher
up the stack) is absent.
Transmission electron microscope (TEM) images of quantum
dot stacks grown with cold and hot spacer layers are shown in
Fig. 2(a) and (b) respectively. In both of these ﬁgures the quantum
dots appear as dark areas on a bright background and it is
apparent that there is no strain-related vertical alignment or size
non-uniformity. Importantly, the TEM images also show that the
material is of a high quality with no dislocations or defects.
Having established appropriate growth conditions for the
creation of a high quality quantum dot stack, device wafers were
grown and processed into QDSCs. Fig. 3 shows the JV character-
istics obtained under AM1.5 conditions for two QDSCs. These
initial devices did not include the AlGaAs window layer and
consequently have relatively low values of Jsc. From Fig. 3 it can
be seen that partially growing the spacer at higher temperature
has increased Voc by 28% from 0.53 V to 0.68 V. This increase can
be explained by the PL data which indicates that the hot spacer
layer QDSC has smaller quantum dots with larger spacing between
the levels resulting in a larger effective band gap for the device.
The basic photovoltaic (PV) device parameters extracted from
the data shown in Fig. 3 are given in Table 1. Several devices of
each type shown in Fig. 3 were tested and the parameters in
Table 1 are representative of the set. While variations in Jsc could
be attributed to processing variations the increase in ﬁll factor (FF)
was broadly observed across all of the hot spacer layer QDSCs. One
possible reason for this is a reduction in shunt pathways created
by having material with fewer strain-related defects.
Fig. 1. Normalised photoluminescence spectra from two different quantum dot
stacks. The entire spacer layer for the stack referred to as “cold spacer”was grown
at 470 1C whereas for the sample labelled “hot spacer” the ﬁrst 5 nm was grown at
470 1C and the remaining 30 nm at 580 1C.
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Although an improvement in Voc has been experimentally
conﬁrmed, the PV device efﬁciencies given in Table 1 are unchar-
acteristically low for III–V solar cells and indicate that signiﬁcant
device optimisation is required. To minimise surface recombina-
tion an AlGaAs window layer was inserted immediately below the
pþ cap during the MBE growth. Additionally, the pþ cap was
removed (apart from the region below the contacts) via chemical
etching to improve light coupling into the device. These optimisa-
tion steps were performed for both QDSC and control devices alike
and the EQE for the optimised devices is shown in Fig. 4. It can be
seen from this ﬁgure that the inclusion of a quantum dot stack
extends the EQE to longer wavelengths relative to a control device
which does not contain quantum dots. The EQE response of the
control device falls off rapidly around the GaAs band edge whereas
sub-band gap photons are captured by the quantum dots giving
rise to an EQE signal up to 1100 nm. The EQE signal for the QDSC
shows a feature around 920 nm which is attributed to the InAs
wetting layer. At room temperature, the additional photocurrent in
the QDSC is the result of thermal activation of carriers from the
quantum dots to the conduction band however this has recently
been conﬁrmed to be a two-photon process (as required by the
intermediate band solar cell theory) at low temperature [23].
The JV characteristic for the optimised devices is shown in
Fig. 5. Crucially, Jsc is  4% greater than Jsc for a control device
demonstrating the advantage of adding quantum dots to the
structure. While Voc has further increased relative to the ﬁrst set
of devices to 0.80 V, it is lower than the control solar cell. This is
due to the overall band gap reduction created by the quantum dots
and any other recombination pathways that remain in the struc-
ture. In this context it is notable that Voc ¼ 1 V has recently been
achieved by using GaP and GaAsP strain balancing layers [14].
However, the results presented here suggest that the devices are
not limited by strain. This is an important new insight because it
suggests that strain balancing layers are perhaps not required to
achieve high values of Voc in QDSCs thereby reducing the complex-
ity of the growth. Moreover, further investigation is required to
understand more precisely the effect of strain-balancing layers on
the nanostructure of the quantum dots.
The data in Fig. 5 have been ﬁtted with the well-known double
diode model:
J ¼ JL J01 exp
qV
kBT
 
1
 
þ J02 exp
qV
2kBT
 
1
 
; ð1Þ
Fig. 2. TEM images taken under bright ﬁeld conditions (21) of a quantum dot stack with (a) cold spacer and (b) hot spacer between successive layers. The white scale bar is
100 nm.
Fig. 3. Current density versus voltage characteristics for QDSC devices fabricated
using hot and cold GaAs spacer layers in the InAs quantum dot stack.
Table 1
PV device parameters for the QDSCs in Fig. 3.
Cell Voc (V) Jsc (mA/cm2) FF η (%)
Cold spacer 0.53 7.8 0.62 2.5
Hot spacer 0.68 8.6 0.72 4.3
Fig. 4. External quantum efﬁciency spectra for an optimised QDSC (red line and
ﬁlled squares) and a GaAs control device (black dashed line and open circles)
without quantum dots. (For interpretation of the references to color in this ﬁgure
caption, the reader is referred to the web version of this article.)
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where JL is the light-generated photocurrent density and J01 and J02
are ﬁtting parameters accounting for the diffusion current and
recombination through defects respectively. These parameters and
the PV device parameters are extracted from the data and shown
in Table 2. The parameters are similar to other reported InAs/GaAs
quantum dot solar cells [24,25] and provide a basis for experi-
ments under concentrated sunlight.
3.2. Performance under concentrated irradiance
QDSCs were tested under concentrated illumination using the
Suns-Voc technique described earlier. In order to conﬁrm the
validity of this technique a pseudo-JV curve was constructed and
compared with the actual JV curve obtained under AM1.5 condi-
tions. The result of this step is shown in Fig. 5 where it can be
seen that the pseudo-JV closely follows the characteristic for
QDSC1 with the difference being series resistance which was deter-
mined to be Rs ¼ 1:5770:09Ω cm2 and Rs ¼ 1:4270:03Ω cm2 for
QDSC1 and the control devices respectively. The pseudo-JV curve is
constructed from data obtained during decaying irradiance which has
a minimum value of  3 mW=cm2 and consequently the data do not
reach the short circuit condition. However, this was obtained by
comparing the 1-sun value with measurements from a calibrated
reference cell that is integrated with the Suns-Voc system.
The efﬁciency of a solar cell increases with concentration
through the open circuit voltage and a simpliﬁed model is given as
VocX ¼ Vocþn
kBT
q
ln X; ð2Þ
where VocX is the open circuit voltage at X suns concentration, n is
the diode ideality factor, q is the electronic charge and kB is the
Boltzmann's constant. Typically, for high performance GaAs con-
centrator solar cells, the rise in Voc is initially controlled by
recombination through defects (n¼2) before crossing over to
band-to-band recombination (n¼1) in the high injection regime
where Voc is dominated by diffusion [26].
Fig. 6 shows the evolution of Voc with concentration up to 500-
suns for three quantum dot solar cells: QDSC1, QDSC2 and QDSC3.
The data can all be described by Eq. (2) yielding diode factors that
are close to unity as shown in Table 3. The agreement with the ﬁt
is less good at the highest concentration where series resistance
becomes limiting. This can be addressed by optimising the top
contact for concentrator applications. Diode factors close to unity
are evidence of high quality material with a relatively low
concentration of defects and are typical for high-performance
GaAs concentrator solar cells. Diode factors of nC1:4 have been
previously established for QDSCs from the evolution of Voc with
suns [18] however the values reported here are the lowest to date
and are evidence of strong potential for QDSCs. Fig. 6 also shows
the evolution of Voc with concentration for a high efﬁciency, single
junction GaAs concentrator solar cell [27]. With further optimisa-
tion of the quantum dot growth, Voc can approach this reference
allowing the additional photocurrent generated by the quantum
dots to be more fully exploited.
Jsc values were also obtained from the Suns-Voc measurements
and plotted as a function of Voc in Fig. 7. At high carrier
concentrations, the double diode model is not applicable due to
the distributed nature of series resistance [28] and therefore a
single diode model has been ﬁtted to this data. This step provides
veriﬁcation of the diode factors deduced from Fig. 6 and these are
listed in Table 3. The agreement between the two methods
conﬁrms the earlier assumption that Jsc varies linearly across the
range of concentration. A further observation is a general trend of
n-1 as the 1-sun Voc increases. This correlations supports the idea
that the degradation of Voc is caused by an increasing concentra-
tion of defects in the depletion region although it is possible that
other mechanisms such as perimeter recombination can also cause
a departure from ideality [29].
Finally, using the pseudo-JV curve obtained at 500-suns the
best QDSC pseudo-efﬁciency was determined to be η¼16.5%. This
increases to η¼19.5% when shadowing losses from the top contact
are taken into account. While this value does not include series
resistance and therefore represents an upper limit, it demonstrates
Fig. 5. Current density versus voltage characteristics for an optimised QDSC (open
circles) and an optimised control device (open squares). Solid grey points show the
pseudo-JV characteristic calculated from concentration measurements and red lines
are ﬁts to Eq. (1). (For interpretation of the references to color in this ﬁgure caption,
the reader is referred to the web version of this article.)
Table 2
PV device parameters for QDSC1 and control.
Cell Voc (V) Jsc (mA/cm2) J01 (mA/cm2) J02 (mA/cm2) FF η (%)
QDSC1 0.80 18.9 1.741013 3.18106 0.79 11.9
Control 0.93 18.2 7.331016 2.40107 0.80 13.5
Fig. 6. Voc versus number of suns concentration for three QDSCs and a single
junction GaAs solar cell from reference [27]. Red lines are ﬁts to Eq. (2). (For
interpretation of the references to color in this ﬁgure caption, the reader is referred
to the web version of this article.)
Table 3
Diode ideality factors obtained from concentration data.
Cell 1-sun Voc (V) n
SunsVoc Jscvs.Voc
QDSC1 0.80 1.15 1.16
QDSC2 0.78 1.21 1.21
QDSC3 0.75 1.29 1.25
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the potential opportunity for this novel technology. With further
optimisation, including the application of an anti-reﬂective coat-
ing, it will be straightforward to increase the device efﬁciency
above 20% under concentration.
4. Conclusions
In conclusion, by careful control of the wafer growth para-
meters it has been possible to increase Voc for a QDSC relative to a
control device without quantum dots. Structural data indicate that
the devices are not limited by strain while analysis of optical data
accounts for the increase in Voc. Suns-Voc measurements per-
formed with QDSCs devices reveal low diode ideality factors
typical of a high quality solar cell. Moreover, the evolution of Voc
with concentration is similar to a high efﬁciency single junction
GaAs cell indicating that this technology has the potential to
exceed the detailed balance limit if the issues around Voc degrada-
tion can be resolved.
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